Motor neuron disease (MND) encompasses a range of disorders that differentially affect the upper and lower motor neurons. Amyotrophic lateral sclerosis (ALS) is the most common form of MND. In ALS, both upper and lower motor neurons are affected. 1 Amyotrophic lateral sclerosis is classified as a spectrum disorder since there is great variability in the phenotypic expression of the disease. 2 While there are symptomatic therapies available that may impact patient quality of life, no curative therapies have been identified. 3, 4 Only a small percentage of patients survive beyond 10 years, one half of patients die within 30 months of symptom onset, and 20% of patients survive between 5 and 10 years. 1, 5 Respiratory failure is the most common cause of mortality in patients with ALS. 1 There is often a delay between onset of the first symptom and establishment of the diagnosis of ALS. Time from symptom onset to diagnosis is usually up to 12 months. With the advent of new therapies, it is therefore critical to have this window shortened, before significant motor neuronal loss has accumulated. The diagnostic process is time-consuming, and a reluctance of patients to seek help, lengthy referrals, and mistaken diagnoses are all thought to contribute to the delay. 6 On the part of physicians, delay in diagnosis is mainly due to lack of early recognition of the disease as symptoms may mimic other disorders that must first be ruled out. 6 Familial ALS accounts for 10% of cases, with sporadic ALS accounting for 90% of cases, 7 although many of these patients with sporadic ALS possess the same genetic abnormalities found in the familial forms. Repeat expansion in the C9orf72 gene is the most common genetic cause of familial ALS in patients of European descent, accounting for more than 30% of cases. This repeat expansion is also suggested to account for up to 10% of sporadic ALS cases. 8 Over 180 different mutations in the superoxide dismutase-1 (SOD-1) gene account for a further 20% of familial ALS cases. In the US, recent registry data suggests there are around 3.9 new cases of ALS per 100,000 people each year. 9 Onset of sporadic ALS usually occurs in patients in their mid-to-late 50s, however, onset of familial ALS is usually in the late teens or early adulthood. 10 The clinical presentation of ALS is variable, with approximately 25% of patients presenting with bulbar-onset disease, 70% with limb-onset disease and 5% with trunk or respiratory involvement. 11 In addition, there is significant variability in the rate of disease progression, the symmetry of the disease, the degree of cognitive/behavioral symptoms (reported to occur in 20% of patients) and the extent to which upper motor neurons versus lower motor neurons are involved. Symptoms can include muscle weakness, atrophy and spontaneous twitching or fasciculations (lower motor neuron signs), hyperreflexia and hypertonia (upper motor neuron signs), dysarthria and dysphagia (bulbar-onset), and orthopnea and dyspnea (respiratory-onset). 2, 10 There is no single diagnostic test that confirms the diagnosis of ALS, and physicians rely on clinical examination and the El Escorial and revised
Airlie House diagnostic criteria to provide a degree of diagnostic certainty. 11 Electrodiagnostic studies are very valuable to confirm the diagnosis of ALS and identify the distribution of lower motor neuron abnormality. Other diagnostic studies including imaging, immunologic laboratory testing, and in some cases cerebrospinal fluid analysis and muscle biopsies are performed to exclude other disorders that may mimic the clinical signs and symptoms of ALS. 12 The exact mechanisms leading to motor neuron degeneration in ALS are still unclear, however, it is thought to be due to a complex interplay between genetic and environmental factors. Several cellular and molecular mechanisms of ALS pathogenesis have been elucidated, offering some common ground among the varied phenotypic expressions of the disease. These include: glutamate-induced excitotoxicity, free radical generation, inflammation, abnormalities in nuclear-cytoplasmic transport of RNA binding proteins, mislocalization of nuclear proteins and formation of cytoplasmic protein aggregates, mitochondrial dysfunction, and defects in protein homeostasis. 10, 11 These disease mechanisms are not mutually exclusive and are often interrelated, leading to a final common pathway of motor neuronal death. Through excessive activation of its receptors, glutamate can induce neuronal cell injury and death via increased intracellular calcium and generation of reactive oxygen species. 11 Dysfunction of mitochondria can also lead to the generation of free radicals, thus oxidative stress is an important and prominent feature of the disease pathogenesis. 13 Challenges in amyotrophic lateral sclerosis drug discovery 19, 20 Edaravone is administered as a 60 mg intravenous infusion over 60 minutes every day for the first 14 days of treatment, followed by a 14-day drug-free period. Subsequent treatment cycles involve daily dosing for 10 days out of a 14-day period, following by 14-day drug-free periods -termed a 2-weekly dosing schedule. 21 In addition to pharmacological treatment, there are other major management issues that need to be considered when caring for patients with ALS. In a practice parameter published by the Quality Standards
Committee of the American Academy of Neurology, it was determined that attendance at specialized multidisciplinary ALS clinics improve patient survival, and effective symptomatic management can enhance patient quality of life. 22 As such, these form the key recommendations for ALS management by the committee.
Edaravone clinical development program
The edaravone clinical development program for ALS was conducted in Japan with over 380 patients. An overview of studies is provided in Table 1 .
Edaravone was initially developed and approved in Japan for the treatment of ischemic stroke. 23 The ALS Functional Rating Scale-Revised (ALSFRS-R) is a validated rating instrument often used in clinical trials to monitor the progression of disability in patients with ALS. 28 It is a 12-item scale across four domains: bulbar, fine motor, gross motor and respiratory (see Table 2 ). 29 The ALSFRS-R was used as a primary endpoint throughout all the studies in the edaravone clinical development program. The ALSFRS-R is widely used due to its ease of use and correlation with disease status and level of disability. 28 However, the ALSFRS-R is relatively insensitive to progression over short periods of time, may have a floor effect in advanced disease, and since it is a subjective test, it may be affected by a patient's mood, i.e., depression or optimism. 30 The first trial to investigate the safety and efficacy of edaravone in patients period. Safety assessments included the incidence of adverse events. 31 The decline in ALSFRS-R score was significantly less during the 6-month treatment period with 60 mg edaravone, compared with the 6-month period prior to edaravone administration (2.3 ± 3.6 points versus 4.7 ± 2.1 points respectively; p=0.039). A marked reduction in the level of CSF 3NT to almost undetectable levels was observed in almost all patients receiving 60 mg edaravone, suggesting that neuronal cells were being protected from oxidative stress. Edaravone had a favorable safety profile. No clinically significant adverse drug reactions were observed and edaravone was well tolerated in this study. 31 Study MCI186-16 was a phase 3, double-blind, parallel-group, placebo- Table 3 ). Administration regimen of riluzole • FVC ≥60%
• Not statistically powered 12-week observation period followed was required not to be changed during the study (88.5% of patients in the placebo group and 89.1% of patients in the edaravone group were taking riluzole). Exclusion criteria included reduced respiratory function or dyspnea, and complications preventing drug efficacy evaluation or those requiring hospitalization. 32 Changes in the ALSFRS-R (least- 
*Patients without G-tube -use 5b if >50% is though G-tube. **Patients with G-tube -5b is used if the patient has a G-tube and only if it is the primary method (>50%) of eating. ADL = activities of daily living; BiPAP = Bilevel Positive Airway Pressure; G-tube = gastrostomy tube; NPO = nothing by mouth. Reproduced with permission from Cedarbaum et al., 1999. 28

Rationale for cohort enrichment
The lack of significance in the primary efficacy endpoint between the placebo and treatment arm during study MCI186-16 was investigated in a follow-up analysis. This revealed that 25% of patients in the edaravone group and 26% of patients in the placebo group showed a change of 0 or -1 point in ALSFRS-R score indicating a more slowly progressive form of the disease than had originally been anticipated when the trial was designed, and thus attenuating the power of the study. 32 Therefore, it was of interest to identify a group of patients to include in a clinical study who would show adequate progression.
In an exploratory study (MCI186-18) of edaravone or placebo in 25 patients with severe ALS (Japan ALS severity classification of grade 3), there was no difference in ALSFRS-R between the treatment groups. The study was not powered to statistically evaluate the efficacy of edaravone, and therefore the effect of edaravone on patients with more severe ALS is inconclusive. 34 Patients with more advanced disease may have already decreased several points on the ALSFRS-R scale to 0 or 1, therefore assessments of further changes are difficult. Due to these potential floor effects of the ALSFRS-R in patients with more severe ALS, this study provided a rationale as to why patients with severe ALS were not included in the proposed enriched cohort of patients. To detect changes in ALSFRS-R in a clinical study it is important to start with patients that are less functionally impaired at baseline, e.g.
those with individual item scores of 2 or more. 33 Post-hoc analyses of the MCI186-16 study were performed in an attempt to identify a group of patients that when using the ALSFRS-R in a 6-month clinical study, could elucidate a treatment effect. Two patient subgroups were defined from the post-hoc analyses:
Step 1 -the efficacy-expected subpopulation (EESP) with FVC of ≥80% before treatment and ≥2 points for all item scores in the ALSFRS-R at baseline; and Step 2 -the greater-efficacyexpected subpopulation within the EESP, (dpEESP2y) with a diagnosis of 'definite' or 'probable' ALS according to the El Escorial and revised Airlie
House diagnostic criteria, and within 2 years of initial ALS symptom onset at the time of giving informed consent. 33 A comparison of the subgroup characteristics and the full analysis set is shown in Table 4 . Coordinating investigators and medical expert consensus were responsible for setting these subgroup criteria. 33 Changes in the ALSFRS-R (LS mean) during the 24-week treatment in the EESP subgroup were -7.06 for placebo (n=46) and -4.85 for edaravone (n=53), with a significant intergroup difference of 2.20 ± 1.03 (p=0.0360).
Changes in the ALSFRS-R during the 24-week treatment in the dpEESP2y subgroup were -7.59 for placebo (n=29) and -4.58 for edaravone (n=39), with a significant intergroup difference of 3.01 ± 1.33 (p=0.0270). 33 These with a significant intergroup difference (p=0.0467). Similar significant changes were also observed in the Modified Norris Scale scores for the two specified subgroups.
Further efficacy of longer-term edaravone was explored in study MCI186-17, a randomized 24-week extension to study MCI186-16. The results suggest that edaravone might have potential efficacy for up to 15 cycles when used to treat patients with ALS. Furthermore, post-hoc analyses of this study for both the EESP and dpEESP2y populations showed beneficial trends favoring edaravone. 35 Therefore, it was proposed that efficacy of edaravone should be demonstrated in a second prospective phase 3 study if the cohort of patients was enriched according to the dpEESP2y criteria. 33 Strategic clinical study design through patient population enrichment Study MCI186-19 was a phase 3, double-blind, randomized, parallel-group, placebo-controlled trial investigating the efficacy and safety of edaravone in the well-defined post-hoc step 2 (dpEESP2y) population of patients with ALS. 36 The study was carried out with 137 patients recruited from 31 hospitals in Japan. Inclusion criteria were individuals aged 20-75 years with a diagnosis of definite or probable ALS according to the El Escorial and revised Airlie House criteria, a Japanese ALS severity classification of 1 or 2, and a decrease in the ALSFRS-R score of 1-4 during a 12-week observation period. Based on the post-hoc subgroup analysis, eligible patients also had scores of ≥2 points for all item scores in the ALSFRS-R, a FVC ≥80%, and duration of disease from the first ALS symptom of ≤2 years. Exclusion criteria included a score of ≤3 of ALSFRS-R items for dyspnea, orthopnea or respiratory insufficiency. Patients who had already been given riluzole could continue to receive riluzole provided that the regimen remained unchanged, but initiation of riluzole after the start of the observation period was prohibited. Riluzole use was observed in 91% of patients in both treatment groups. 36 These steps were taken to manage variability in the patient population and ensure the inclusion of patients with progressive disease, and at the same time excluding patients with too slowly or rapidly progressing disease. 37 Following the 12-week observation period, eligible patients were randomized 1:1 to placebo or edaravone. The primary efficacy endpoint was a change in ALSFRS-R score from baseline to week 24, following six cycles of treatment. Secondary endpoints included change in percentage of FVC, Modified Norris Scale scores and grip and pinch strengths. Safety endpoints included the incidence of adverse events. 36 Changes in the ALSFRS-R (LS mean change ± SE) through the 24-week study period were -5.01 ± 0.64 in the edaravone group (n=68), compared with -7.50 ± 0.66 in the placebo group (n=66). The intergroup comparison revealed a statistically significant difference (2.49 ± 0.76; p=0.0013) (Figure 1) . This translates into a 33% difference between the placebo and edaravone group. It should be noted that in a survey of the Northeast ALS Consortium, a 25% change in the ALSFRS-R score was considered clinically meaningful. 38 Efficacy was also demonstrated in some of the secondary endpoints including the total Modified Norris Scale score with showed a tendency towards improvement with edaravone but were not statistically significant. The frequency of adverse events was comparable between the two treatment groups, and no serious adverse drug reactions were reported in either group. 36 In an open-label 24-week extension of the trial, 65 patients who had received edaravone in the double-blind study period remained on treatment and 58 patients who received placebo switched to edaravone. After a total of 48 weeks, the mean change in the ALSFRS-R score was -8.0 in patients who continued receiving edaravone and -10.9 in those who switched to edaravone from the placebo arm. 39 Whilst further evaluation of long-term treatment with edaravone is needed, this study extension provides a rationale for early treatment with edaravone since patients continuing on edaravone appeared to be progressing at a slower rate than those who had recently switched.
Lessons for future clinical trials
Approval of edaravone in the US has marked a new chapter in pharmaceutical development for several reasons. Firstly, because it was the first case of an FDA approval that was granted based on clinical trials that had a smaller patient number than most that have preceded it; secondly, because the key trials for edaravone were performed outside the US, and finally because of the novel strategic clinical trial design involving cohort enrichment. This raises hope and interest that other drugs may be approved in a similar fashion in the future, particularly for neurodegenerative diseases where there is still a large unmet medical need.
Study MCI186-19 highlights a new approach to ALS clinical trials that could be applicable to studies in other neurodegenerative diseases. A key factor contributing to the failure of past clinical trials in ALS is the study design;
in particular the variability in disease presentation and progression. 14 The syndromic nature of ALS encompasses a very heterogeneous group of motor neuron disease(s), as observed in the MCI186-16 study where 26% of placebo patients and 25% of edaravone patients were defined as slow progressors. 32 This suggests that within the population of patients with ALS there may be several different patient categories of disease progression. When studying a drug that slows disease progression over a finite trial duration, it is difficult to elucidate a treatment effect when comparing study arms with large numbers of patients who are not progressing. By defining a very specific patient population in the study MCI186-16 post-hoc analysis, and subsequent study MCI186-19, many of these 'non-progressing' patients were eliminated.
It is important to note that the lack of the expected progression in the placebo group in study MCI186-16 led to the cohort enrichment in study MCI186-19, and ultimately the detection of a significant treatment effect.
However, we can postulate that had the placebo group in study MCI186-16 behaved like historical controls, it is likely this study would have met the primary end point as well. As such, it is possible that edaravone does not necessarily work selectively in rapidly progressing patients. Future research incorporating relevant biomarkers may help elucidate better edaravone's mechanism of action, pharmacodynamic considerations, and subsequently the ALS phenotypes that may benefit preferentially from treatment. Post-hoc analyses of previous randomized control trials have identified responder groups that might have been overlooked, providing possible reasons for study failure. 40 Without the follow-up analyses and subsequent clinical study with edaravone, efficacy would never have been demonstrated and approval of the drug would not have been realized. 41 By specifying a well-defined patient population, investigators can address some of the phenotypic variability observed in patients with ALS, 40 while minimizing patient risk, study duration, and sample size to improve efficiency and promote statistical power. 42 The concept of cohort enrichment is particularly important if the enrichment criteria are related to the hypothesized mechanism of action; while this was not the case for study MCI186-19, it could be relevant for future clinical studies in ALS.
Another potential problem revealed in the design of past clinical trials is the expected treatment effects, sometimes 40-50% greater than placebo, which are often unrealistic. 40 The difference in ALSFRS-R in the MCI186-19 study equates to 33% less functional loss in the edaravone group compared with the placebo group. The impact of slower functional decline for patients could mean an extension in their ability to independently perform activities of daily living, and less deterioration in their walking, climbing or swallowing abilities.
Such effects are very important and significant for patients living with ALS.
Conclusion
Cohort enrichment strategies, coupled with a relevant biomarker consistent with the expected action of the drug, should now be considered as a viable and perhaps preferred design for future studies. It is imperative that future clinical trials in ALS and other neurodegenerative diseases accommodate innovative design modifications. By doing so, it is hoped that edaravone will be the first of many new disease-modifying treatments to be approved over the coming years.
